Loss of exchange symmetry in multiqubit states under Ising chain evolution 
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1. Introduction 

Multiqubit states that are symmetric under interchange of particles form an important class among quantum 
states due to their experimental significance and mathematical elegance [1, 2, 3]. They are the quantum 
states obeying exchange symmetry and the iV-qubit symmetric states belong to the N + 1 dimensional 
subspace of the 2^ dimensional Hilbert space, the subspace being the maximal multiplicity space of the 
collective angular momentum. In general, multi-atom systems that are symmetric under permutation of the 
particles allow for an elegant description in terms of the collective variables of the system. 

Atomic spin squeezed states [2, 4, 5, 6, 7, 8, 9] are quantum correlated states with reduced fluctuations 
in one of the collective spin components and they have possible applications in atomic interferometers and 
high precision atomic clocks. If Jj = J2^=i a ai/2, i = x, y, z denotes the components of the collective 
angular momentum operator of an N qubit system, one defines [4] the spin squeezing parameter £ as 

? = J = ^ (1) 

Here the subscript _L refers to an axis perpendicular to the mean spin < J > where the minimal value of 
the variance (AJj_) 2 is obtained. The system is said to be spin squeezed when the parameter £ 2 is less 
than 1. The relationship between spin squeezing and quantum entanglement has been an interesting area 
of study [10, 11] and it has been shown that for a two qubit symmetric state, spin squeezing is equivalent 
to its bipartite entanglement [10]. An extension of this result to symmetric multiqubit systems shows that 
the presence of spin squeezing essentially reflects pairwise entanglement [11]. Eventhough spin squeezing 
serves only as a sufficient condition for pairwise entanglement in arbitrary symmetric multiqubit systems, 
for a special class of symmetric multiqubit systems it was shown that spin squeezing is a necessary and 
sufficient condition for pairwise entanglement [11]. A relation between the squeezing parameter £ and 
concurrence, a measure of two-qubit entanglement, has also been obtained [11]. 

With the observation that the detection of spin squeezing forms a useful diagnostic tool in the early 
stages of the construction of a quantum computer [9], the spin squeezing produced in several models of 
interacting spins has been studied [9, 11]. Ising type Hamiltonian with nearest neighbor interactions [9] is 
one among the interaction models considered in these studies. The one dimensional Ising type Hamiltonian 
with N spins and a constant coupling between any two nearest neighbors [9] is given by 

hx N 

H = — ^2 cr ax a a+ i x (2) 
where we identify the (N + l) th spin with the first one in the chain. Here a ax and a a+ \ x are the Pauli 
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spin matrices for the spin at site a, a + 1 respectively and % is a constant characterizing the coupling 
strength between any two nearest neighbors in the chain. It is not difficult to see that, J x =^ J2a=i a ax, the 
x component of the collective angular momentum operator is a constant of motion as it commutes with the 
Hamiltonian H of the system. The Ising type Hamiltonian arises in recent proposals for quantum computa- 
tion with atoms in optical lattices [12, 13]. In these proposals, the atom interacts with nearest neighbors and 
it has been shown that this interaction produces spin squeezing. Spin squeezed states are routinely produced 
in several laboratories as they are quite experimentalist-friendly and in addition to the practical applications 
of spin squeezing such as atomic clocks, they provide a demonstration of the entangling capabilities of the 
system. Thus studies on spin squeezed states and the interaction models that produce spin squeezing form 
a prominent area of study. 

At this juncture, it is important to recall that spin-squeezing is a property defined for quantum states 
obeying exchange symmetry [4, 10] and while examining the spin squeezing behaviour of symmetric mul- 
tiqubit states interacting through a particular Hamiltonian model, one has to know whether the exchange 
symmetry of the state is affected by the interacting Hamiltonian or not. As any analysis of spin squeezing 
in non-symmetric states is bound to give invalid results, permutation symmetry of a multiqubit state has 
to be ascertained before examining its spin squeezing nature. The main motivation of the present work is 
to show that permutation symmetry of an initially symmetric multiqubit state cannot be taken for granted 
while considering its time evolution with different interaction models. As exchange symmetry aspects are 
not given consideration in studies on spin squeezed states generated through time evolution of an initially 
symmetric multiqubit state with Ising type interaction models [7, 9, 14], an exploration of this aspect in an 
explicit manner has to be given due importance. We carry out one such study in this article. In fact, we 
show that none of the N qubit (N > 4) symmetric states, except the 4 qubit W state, retain their exchange 
symmetry under evolution with Ising type Hamiltonian, one of the important interaction models considered 
for spin squeezing studies [9]. 

The paper is organized as follows: In section II of the paper, starting with the one dimensional Ising 
Hamiltonian corresponding respectively to 2, 3 and 4 qubits, we explicitly show that the initially symmetric 
pure states retain their exchange symmetry under unitary evoltuion with Ising chain Hamiltonian in the 2 
and 3 qubit case. We also show that all other four qubit symmetric states, except the states of W type, lose 
their permutation symmetry under Ising chain evolution. The loss of exchange symmetry in the respective 
cases is evident from the fact that the evolved states do not remain in the symmetric subspace of the N qubit 
states. We have summarized our results in Tables I and II. Section III has concluding remarks 
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2. Exchange Symmetry of multiqubit states under Ising chain interaction 

An Ising chain with N = 2 spins is given by H = -% L (o\ x a2 X + &2xPix)- The states spanning the 2 + 1 = 3 
dimensional symmetric subspace 1 are the spin-up (|00)), spin-down (|11)) and the state \tp) = ^ 01 ^j 10 ^ . 
As g\ x , G2x coiTespond to spin flip operation on 1 st and 2 nd qubit respectively, it is easy to see that, 

H|00> oc |11), H|ll) oc |00), H|V) oc |V>) 

Hence repeated application of H on these states results in the same states. Thus the action of the time- 
evolution operator U = exp(— iHt/h) on basis states of the symmetric subspace results in their linear 
combination, ensuring the symmetry of the 2-qubit Dicke states under Ising chain evolution. 
Considering the Ising chain with N = 3 spins, we have 

H = -^-(aix^x + cr2zO"3z + o- 3x ai x ). (3) 
The set of all symmetric 3 qubit states is spanned by the 3 + 1 = 4 basis states (3 qubit Dicke states) 

|^i) = |3/2, 3/2) = |000) 

|001) + |010) + 1 100) 



|V> 2 ) = |3/2,l/2) 



V3 



m = i3A -1/2) jm±m±m (4) 

|^4) = |3/2,-3/2) = |111). 



Our main task here is to check whether an arbitrary symmetric 3-qubit state retains its symmetry under Ising 
chain evolution. For this, we need to examine whether the basis states of the symmetric subspace of three 
qubits remain symmetric after interaction with ID Ising chain. 

Though the exchange symmetry of each of the 3-qubit Dicke states after interaction with the ID Ising 
chain can be checked by inspection as is done for the 2 qubit case, it is easier to examine whether the evolved 
states \tp' a ) = U\ip a ) (a = 1, 2, 3, 4), U = exp(— iHt/h) being the unitary operator corresponding to 3- 
qubit Ising chain Hamiltonian, remain in the symmetric subspace. It is a simple matter to notice that the 
evolved states \ip' a ) = \J\ip a ) (« = 1, 2, 3, 4) remain in the symmetric subspace iff \tp' a ) is expressible as 
Wa) = Em c «ilf > m ) sucn tnat Em \ c m\ 2 = 1- In fact, c m = (^||,m) and we need to evaluate the set 

I 2 ' m )' 171 ~ ~ 2> — 2' 2> 2 



of coefficients c m = {ip' a \% , m), m = —I, — i, i, | for each a (a = 1, 2, 3, 4). The coefficients c m for 



1 The symmetric subspace of a iV-qubit system is the maximal multiplicity space of the collective angular momentum j = N/2. 
The basis states of the symmetric subspace are the \ j, m) states, j — N/2, m — —N/2 to N/2. 
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each of the states \tp a ) are given in Table I and it is evident that the symmetry of the 3 qubit Dicke states is 
unhampered by Ising chain interaction. 

Starting with an Ising chain with four spins, we evaluate the corresponding unitary time-evolution oper- 
ator and it is given by 

U = exp = I + A 2 (cosx* - 1) - "iAsinx* (5) 

Here H = ^(ai x a 2x + <T2x<r3x + o"3xO"4x + <?Ax°ix) and A = ||. The basis states \ j, m) where j = 2 and 
m = —2, —1, 0, 1, 2 of the symmetric subspace are given by 



101) = 


12,2) = 


|0000) 


102} = 


|2,1) = 


^ [|0001) + |0010) + |0100> + |1000>] 


|0 3 ) = 


|2,0) = 


^ [|0011) + |1100) + |0101) + |1010> + |0110) + |1001>] 


104) = 


|2,-1) 


= - [|1110) + |1101) + |1011) + |0111>] 


105) = 


12,-2} 


= I 1111 ) 



The time evolved states \(f>' a ) = U\<fi a ) (a = 1, 2, 3, 4, 5) remain in the symmetric subspace iff \(f>' a ) 
is expressible as \<p' a ) = Yl m c m|2, m) such that ^ m |c m | 2 = 1. We have evaluated the set of coefficients 
Cm = ($J2, m), m = —2, —1, 0, 1, 2 for each a, (a = 1, 2, 3, 4, 5) and these coefficients are given 
explicitly in Table II. 

It is readily seen from Table II that though all the states \<p a ) (a = 1 to 5) are initially symmetric (at 
time t=0, X^m c m = 1 f° r all a )> tne i r time-evolved counterparts \<p' a ) are not restricted to the symmetric 
subspace. After time evolution, \(j>2) = |2, 1) and 1^4) = |2, — 1) the so-called W states, are the only 
two that remain in the symmetric subspace and hence are symmetric under interchange of particles. We 
thus conclude that not all four qubit symmetric states retain their exchange symmetry after Ising chain 
interaction. Only a subclass of symmetric states, of the form a\2, 1) + b\2, —1) where a, b are any two 
complex numbers can retain their exchange symmetry under Ising chain evolution. 

It is important to notice here that though the four qubit W states retain their symmetry under Ising chain 
evolution, N qubit W states (N > 5) do not possess this property of symmetry retention. In fact, all the N 
qubit symmetric states (N > 5), the states belonging to the iV + 1 dimensional symmetric subspace, lose 
their exchange symmetry on interaction with Ising chain with nearest neighbor interactions. The loss of 
exchange symmetry in iV-qubit Dicke states (N greater than 5) can be checked by inspection as is done for 
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the 2 qubit case. The loss of symmetry is evident in just the action of the iV-qubit Ising chain Hamiltonian 
on the corresponding Dicke states. Repeated applications of the Hamiltonian does not initiate symmetry any 
further and the action of unitary time evolution operator corresponding to iV-qubit Ising spin chain results 
in non-symmetric states. 

Though the cause of loss of exchange symmetry in initially symmetric Dicke states on time evolution 
with Ising chain interaction is not apparent, it may be of interest to notice that in all cases of permuta- 
tion symmetry retention, J 2 , the square of the collective angular momentum operator commutes with the 
Hamiltonian. Going by the same lines one can see that all the N qubit symmetric states (N > 5) lose their 
exchange symmetry on time evolution with anisotropic Heisenberg Hamiltonian, anisotropy being in either 
x or y direction 2 . 

3. Conclusion 

In this article we have shown that the symmetric iV-qubit states (N > 5) lose their exchange symmetry 
after interaction with a spin chain modelled by ID Ising Hamiltonian with nearest neighbor interaction. 
Specifically we have shown that 2 and 3 qubit symmetric states retain their exchange symmetry under Ising 
chain evolution but all 4 qubit symmetric states, except the states of W type, lose their symmetry under the 
same interaction. We emphasize here that permutation symmetry aspects are important either in studying the 
collective behaviour such as spin-squeezing or in relating the spin-squeezing behaviour of a symmetric N- 
qubit state with its pairwise entanglement properties. However, exchange symmetry properties are assumed 
to hold good under ID Ising chain, when such studies are reported in Ref. [7, 9] and [14]. Through this 
work, we hope to initiate proper clarifications on the retention of exchange symmetry in future investigations 
on spin squeezed states. 

Acknowledgements 

We are grateful to the insightful suggestions by Prof. A. K. Rajagopal 
References 

1. C.A. Sackett et.al, Nature (London) 404, 256 (2000); C.F. Roos et.al, Science 304, 1478 (2004); D. 
Leibfried et.al, Nature (London) 438, 643 (2005). 

2. A. Sorenson, L.M. Duan, J.I. Cirac, and P.Zoller, Nature (London) 409,63 (2001) 

3. A.R.Usha Devi, R.Prabhu and A.K. Rajagopal, Phys.Rev.Lett. 98,060501 (2007) 

4. M.Kitegawa and M.Ueda, Phys.Rev. A 47, 5138 (1993) 

2 Anisotropy along z direction does not spoil the symmetry of a symmetric N qubit state because all the states spanning TV + 1 
dimensional symmetric subspace are common eigenstates of J 2 and J 2 



6 



5. D.J.Wineland, J.J.Bollinger, W.M.Hano and D.J.Ueinzen,Phys.Rev. A 50, 67 (1994) 

6. G.S. Agarwal and R.R. Puri, Phys.Rev. A 41, 3782 (1990) 

7. A.Sorenson and K.Molmer, Phys.Rev. Lett 83, 2274 (1999) 

8. X. Wang, A.Sorenson and K.Molmer, Phys.Rev.A 64, 053815 (2001); X. Wang, J. Opt.B: Quantum 
Semiclass.Opt. 3, 93 (2001) 

9. X.Wang, A.S.Sorenson and K.Molmer, Phys.Rev.A 64, 053815 (2001) 

10. D.Ulam-Orgikh, M.Kitegawa, Phys.Rev. A 64, 052106 (2001) 

11. X.Wang and B.C. Sanders, Phys.Rev. A 68, 012101 (2003) 

12. G.K.Brennen, CM. Caves, P.S. Jessen and I.H. Deutsch, Phys.Rev. Lett. 82, 1060 (1999) 

13. D.Jaksch, H.J.Briegel, JJ.Cirac, C.W. Gardiner and P.Zoller, Phys.Rev. Lett. 82, 1975 (1999) 

14. A.R.UshaDevi, M.S.Uma, R.Prabhu and Sudha J.Opt.B: Quantum Semiclass.Opt. 7, S740 (2005) 



7 



Table 1. 



State 


Cl = «|3/2,3/2) 


c 2 = «|3/2, 1/2) 


c 3 = «|3/2,-l/2) 


C4 = <#,|3/2,-3/2) 


V c 2 


IV>i> 


cos 3 ^ - i sin 3 ^ 





i^e"^/ 4 sin % 





1 


IV>2> 





e 4 (3 + e-^*) 







1 














1 







^3 e -*X</4 sin X* 





3 X* • • 3 y( 
cos 4r — « sin 


1 



Table 2. 



State 


ci = (^|2,2) 


C2 = W a \2,l) 


C3 = (0'J2,O) 


C4 = <#J2,-1) 


c 5 = (^|2,-2) 


V c 2 


I'M 


j(3 + cosxt) 





— l+cos x i — 2i sin x i 
2^ 





+ cosxt) 


g(5 + cosxt) 


\<h) 





l+cos x t+i sin x t 
2 





— l+cos x i+i sin x i 
2 





1 


\<h) 


— l+cos x i— 2i sin \ t 





1+5 cos x t — 4i sin \ t 





— l+cos x i— 2i sin \ t 


|(8 + cosxt) 













— l+cos x t+i sin x i 
2 





l+cos xt+« sin xt 
2 





1 




|(-1 + cosx*) 





— l+cos x i ^ 2i sin x i 
2^ 





|(3 + cosxt) 


i(5 + cosxt) 
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